Introduction
Fine scale and high frequency dynamical processes are defining features of the coastal and shelf seas. Examples include boundary currents, internal tides, eddies, coastal-upwelling jets and filaments, tidal straining and benthic boundary layer processes such as Ekman drains and cascades (see Huthnance [1995] for a review). This dynamical complexity arises as many of the dominant dynamical scales decrease with reducing water depth (e.g. barotropic and baroclinic Rossby radii; see, e.g. Holt et al. [2017] ). The processes then have complex interactions with tidal phenomena and other bathymetric interactions whose amplitudes and significance generally increase as the water depth decreases. These shallow seas are of substantial societal importance owing to the diverse range of resources and services they provide, and hazards they create for coastal communities. These societal impacts are often mediated by the fine scale processes. Therefore understanding how the resources, services and hazards might change under, e.g. large scale natural and anthropogenic climatic variability requires a detailed understanding of these fine scale processes. Such understanding can be achieved with a combination of modelling, in situ, and Earth observational studies.
Here we focus on the North-Western (NW) European continental shelf and the adjoining regions of the North-East Atlantic. This shelf broadens northwards from Portugal to include the Celtic, Irish and North Seas, and the outer-shelves around Ireland and Scotland. We introduce a new fine resolution model of this region, exploring its properties in the context of small-scale and high frequency processes as well as new observations from the NERC FASTNEt program. There have been several fine resolution modelling studies of seas in this region (e.g. Proctor and James [1996] ; Schrum [1997] ; Holt and Proctor [2008] ), but here we introduce a model domain that spans both the shelf seas and open ocean at a scale (1.8 km) that permits motions at the length scale of the 1st baroclinic Rossby radius on-shelf, resolves the tidal excursion [Polton, 2015] and many of the fine scale topographic features that simple do not exist in coarser model configurations. Extending the domain boundary into the open ocean permits an investigation of the acrossshelf dynamics at sufficient resolution to capture the important processes, removing complications that may arise when imposing lateral boundary conditions at or near the shelf break.
Coastal seas play a considerable role in the sequestration of atmospheric CO2 by the oceans [Rippeth, 2005; Muller-Karger et al., 2005] , reducing the effects of anthropogenic CO2 emissions on the global climate. As a result of high levels of phytoplankton production, the NW European continental shelf accounts for almost a third of the North Atlantic Ocean carbon uptake [Frankignoulle and Borges, 2001] . This carbon can be exported below the summer thermocline (through mixing and sedimentation) where it is either buried, transported to deep water off shelf or outgased to the atmosphere following subsequent winter mixing. The former two cases effectively isolate the carbon from the atmospheric system, the latter does not and the balance between these is crucially dependent on the mixing and transport in the shelf sea on seasonal time scales. This shelf-sea carbon pump is in contrast to the deep-ocean carbon pump where the organic material simply has to sink below the permanent thermocline to be isolated from the atmosphere. Hence to understand the shelf-sea carbon pump we must first understand the details of the, usually fine-scale, mixing and transport processes a shelf-wide scale.
The highly productive seas of the NW European continental shelf support substantial fishing efforts [Pinnegar et al., 2002] and its ecosystems are therefore vulnerable to direct anthropogenic impacts from the populous, industrialised countries at its margins (e.g. through coastal Eutrophication). This vulnerability is acknowledged in the various policy measures enacted to maintain Good Environmental Status of these seas (e.g. the EU's Marine Strategy Framework Directive). These ecosystem services and issues are mediated by the same fine scale dynamical processes, e.g. mixing at fronts and subsurface bathymetric banks that support fisheries Palmer et al., 2013] and river plume dynamics controlling the transport of terrestrial material to the wider sea [Lenhart et al., 2010; Hopkins and Polton, 2012] .
Here we present an assessment of the capability of the new regional configuration at 1.8 km resolution to reproduce realistic dynamics. We compare with two other NEMO (Nucleus for European Modelling of the Ocean) configurations at lower resolution, in order to better understand the impact of finer resolution, both in the open ocean and on the shelf. The configurations used are 1) a 7-km resolution Atlantic Margin Model (AMM7) configuration, which is the predecessor of AMM60, and 2) a 1/12°basin-scale configuration of the Northern North Atlantic (NNA), used to provide oceanic boundary conditions for AMM60 and AMM7. These configurations are detailed in section 2. A validation of the configurations against observations is made in section 3, to verify that the fine-resolution configuration can reproduce the barotropic tides; seasonal variability in surface temperature and fine-scale depth and variability of the pycnocline depth. The case is made that internal tides are present in the observations, but only adequately resolved in the AMM60. In section 4 the spatial and temporal variability of the internal tides are investigated in AMM60.
Model Configurations and Forcing
Here we briefly described the three model configurations used in this study in order of refining resolution: NNA, AMM7 and AMM60. The main parameterisation choices are presented in table 1. The Northern North Atlantic (NNA) basin configuration is based on an extraction from the NOC 1/12°global ocean general circulation model [Duchez et al., 2014] , see Holt et al. [2015 Holt et al. [ , 2017 for further details. It is based on v3.4 of the NEMO ocean model code [Madec, 2008] and spans the North Atlantic from 25°N to 75°N, encompassing the subpolar gyre and a large part of the subtropical gyre (figure 1). The choice of 25°N allows a south-western boundary condition including the Florida Strait. The NNA configuration adopts the vertical discretisation of its parent grid, 75 z-levels with partial steps allowing robustness at the boundaries, and is generally configured in an identical fashion to the global 1/12°model, apart from the use of lateral boundary conditions, tidal forcing and Generic Length Scale [Umlauf and Burchard, 2003] vertical mixing.
The NNA model uses a split explicit surface pressure gradient calculation with variable volume grid cells, rather than the filtered free surface scheme used in the global model. Lateral diffusion is handled by an iso-neutral Laplacian operator for tracers and bi-Laplacian operators for momentum. The initial and boundary conditions for the NNA simulations are derived from the global 1/12°parent simulation. Tracer and dynamic variables are interpolated onto the boundary points of the NNA domain using 5 day mean outputs from the global simulation. The tidal harmonic forcing is described below.
The AMM7 configuration is an implementation of the NEMO model (v3.6) of the Atlantic Margin domain covering the NW European continental shelf and adjacent deep ocean and nested within the NNA domain (20°W to 13°E, 40°N to 65°N) (figure 1). It builds on previous operational AMM7 implementations using NEMO v3.2 [O'Dea et al., 2012] and v3.5 [O'Dea et al., 2017] . AMM7 has a horizontal resolution of 1/15°latitude by 1/9°longitude (≈7 km) on a spherical-polar grid and uses 51 hybrid s-sigma coordi-nate levels in the vertical. This terrain-following system, with variable vertical resolution, employs the Siddorn and Furner [2013] refinement of constant surface layer thickness. The vertical coordinate definition includes enveloping bathymetry that allows in/outcropping of sigma layers and prevents excessively steep coordinate surfaces. A critical depth is of 50 m is set up, where there is a transition from pure sigma to stretched coordinate. Explicit horizontal diffusion is implemented by a Laplacian operator for tracers and Laplacian and bi-Laplacian operators for momentum. The lateral eddy mixing coefficient depends on the local mesh size at each grid point.
The domain of the fine resolution configuration AMM60 is based on the AMM7 configuration (using NEMO v3.6), spanning from Spain up to Norway, including the Celtic Sea, Irish Sea, North Sea and a part of the Baltic Sea (figure 1). The horizontal resolution is 1/60°but an Euler rotation is applied to the spherical-polar grid such that a pseudo equator passes through the domain, resulting in a grid with a regular resolution of approximately 1.8 km both zonally and meridionally. The latitudinal and longitudinal extents are from 40°N to 65°N and from -25°E to 17°E. There are 51 hybrid s-sigma levels in the vertical as in the AMM7 configuration. The parameter choices in AMM60 are similar to those of AMM7. However, as the AMM60 resolves finer scale processes, the lateral mixing is better controlled with a scale-selective diffusion [Smagorinsky, 1963] in combination with a laplacian operator to explicitly add numerical diffusion in the model and limit the diffusion of the tracer field. The minimum depth of the domain is set to 10 m, with a surface grid box thickness of 1 m. The critical depth is set to 150 m. For further technical detail on this class of model refer to Graham et al. [2017] . The bathymetry is derived from General Bathymetric Charts of the Oceans (GEBCO 2014) at 30" resolution1. Vertical coordinates z-coord with partial-steps.
s-sigma, [Siddorn and Furner, 2013] : critical depth = 50m, rmax = 0.24 s-sigma [Siddorn and Furner, 2013] : critical depth = 150m, rmax = 0.1
The regional simulations are forced at the surface by ERA-interim meteorological forcings [Dee et al., 2011] , an atmospheric reanalysis provided by ECMWF (European Centre for Medium-Range Weather Forecasts) that has a spatial resolution of approximately 79 km, covering the period since 1989. The ERA-interim products (wind velocity components at 6h temporal resolution, air temperature and humidity, radiative fluxes and precipitation fields, at 3h resolution) are used to compute the turbulent fluxes and evaporation using the CORE bulk formulation. The NNA simulation is run for the period 1980-2013. The period 1980-2005 is run using the using the The DRAKKAR Forcing Set (DFS [Brodeau et al., 2010] ) for surface boundary conditions; a blend of the CORE data [Large and Yeager, 2004] and ECMWF re-analysis data [Uppala et al., 2005] . The period 2005-2013 is run using ERA-interim surface forcing to be consistent with AMM60 and AMM7.
The oceanic forcing is prescribed through the Flow Relaxation Scheme for the tracers and the Flather radiation condition for the depth-mean transports [Flather, 1976] . A barotropic solution (sea surface height and barotropic velocities) and the tracers (T, S) are prescribed along the boundaries. Along the open boundaries in AMM7 and AMM60, a relaxation zone of 10 grid points is used where the FRS is applied. This enhances model stability by preventing spurious reflection of outgoing signals from the boundary [Madec, 2008] . Tidal processes are implemented using both gravitational forcing and as prescribed velocities and elevations at the oceanic boundaries. The boundary tidal forcing consists of 9 leading constituents (Q1, O1, P1, K1, M2, S2, N2, K2, M4) and was generated using the Oregon State University Inverse Tidal Model TPXO7.2, which assimilates altimetry into a global shallow-water model at 1/4°resolution [Egbert and Bennet, 1994; Egbert and Erofeeva, 2002] .
The coastal NW European shelf also has a significant number of coastal rivers to consider. Freshwater fluxes are implemented using daily discharge data for 322 rivers synthesised from the Global River Discharge Data Base [Vörösmarty et al., 2000] and from data prepared by the Centre for Ecology and Hydrology. These synthesised data cover the period 1950 to 2005, using gauged discharges where available and filling gaps with a mean annual cycle for each river. Initial conditions for temperature, salinity and sea surface height for both the regional configurations are derived from a 5-day mean output from the NNA configuration at the date at the beginning of the intercomparison run (5th of January 2010). Both AMM7 and AMM60 are run up to November 2013, in order to provide numerical support to the FASTNEt cruises.
Assessment of the Configurations

Tidal Validation
The barotropic tides are a dominant feature of the NW European shelf seas. It is therefore necessary to evaluate the ability of the configurations to reproduce the amplitude and phase of tidal elevations and currents. An harmonic analysis of the tide is made on 1 year of tide-only forced simulation with constant temperature and salinity, for the 3 configurations. Comparisons are made for 7 major constituents using tide gauge and current meter data from the British Oceanographic Data Centre (BODC).
Qualitatively, the co-tidal chart of the M2 constituent, which is the most dominant over the whole region, is in good agreement with previous studies (see e.g. Howarth and Pugh [1983] ; Kwong et al. [1997] ) for all configurations. The location of the amphidromes in the North Sea and Irish Sea are accurate and the co-tidal chart (figure 2 (a)) shows similar amplitudes and phases. An important exception is where the degenerate amphidrome on the south coast of Norway moves erroneously off-shore in the NNA configuration. This most likely reflects the different frictional characteristics and bottom boundary layer resolution in this z-coordinate configuration. The spatial distribution of the M2 differences between the modelled and observed data are shown in figures 2 (b) and (c). Figure 2 (b) shows the (model-observed) M2 amplitude. It is noteworthy that the AMM7 simulation consistently overestimates the tidal elevations around the coastline, whereas the AMM60 has a less biased coastal amplitude. Both AMM7 and AMM60 perform well in deep water. The NNA exhibits less skill for this diagnostic in particular in the neighbourhood of the amphidromes in Irish Sea off the SE coast of the UK. Figure 2 (c) shows the (modelobserved) semi-major axis. The simulated fields exhibit a positive bias in the AMM60 and AMM7 configurations, with a notable exception in the Thames mouth where the shallow estuary will not be well resolved.
In order to make a quantitative assessment of the tides, comparisons against tidegauge data located on the shelf, and processed by BODC, have been made. These results can be compared with other studies which have used the same dataset [Holt et al., 2005; Maraldi et al., 2013; O'Dea et al., 2012] . Since many of the gauged data are from secluded harbours their locations, when interpolated onto the model grid, are located within land grid boxes. As a consequence the number of data points in the tidal validation varies between the configurations, which each resolve the coastline at different resolutions. . The current meter dataset and the code used for this analysis have been made available under a CECILL license at https://github.com/KarenGuihou/tidal_analysis. for both the tidal harmonic elevation amplitude and the semi-major axis of the barotropic tidal velocity, for the leading constituents. The M2 elevation results here have somewhat higher RMSE than the operational AMM7 implementations of 10.3 cm (O'Dea et al 2012) and 11.4 cm (O'Dea et al 2017), most likely reflecting differences in bathymetry and forcing. Interestingly, the NNA gives notably higher RMSE (although not biases) for M2 tides. This might be due to this model tidal boundary conditions being imposed far from the shelf region. It is also missing two important dynamical features implicitly included in the observationally constrained boundary conditions of the smaller area models: self attraction and loading, and internal wave drag [Arbic et al., 2010] .
The cotidal chart and spatial variations of amplitude and currents are of the same order between this tide-only simulation and the realistic run used further in this study (figure not shown), with RMSE and mean error of both simulations of the same order (table 2). 
Seasonal Variability of Surface Temperature
Given the readily available data, sea surface temperature (SST) is a natural starting point for validating the hydrography. Here we present a configuration intercomparison and assessment of the SST seasonal cycle. Figure 3 shows the mean surface temperature fields for winter and summer 2012 from satellite data, and difference of mean seasonal SST between model and satellite. The Odyssea satellite products, provided by the Copernicus service 2, offers daily gap-free L4 maps of surface temperature on the NW European shelf sea, with a 0.02°x 0.02°horizontal resolution (1/50°) since September 2010. This SST assessment is performed after 3 years of model spin-up.
Consistent across the data sets, in winter the open-ocean is warmer than the shelf, with mean temperatures up to 14.5°C in the southern part of the domain. This on and off shelf temperature difference arises as open ocean winter mixed layer depth exceeds the shelf bathymetric depth and so has a larger thermal reservoir. The open ocean waters mix at the shelf break with the colder Celtic Sea shelf water (up to 10°C) leaving a warmer thermal fingerprint along the shelf break in the Celtic Sea. Off-shelf the warmer sub-tropical gyre Atlantic waters are advected northwards along the shelf break as far as the Norwegian Trench. In summer, the shelf waters stratify and exhibit the same latitudinal signature as the offshore waters.
All configurations reproduce these broad scale seasonal patterns. The offshore surface temperature is slightly too warm in summer, but not biased in winter. NNA overestimates the intrusion of the cold waters from the north of the domain in the Greenland Sea (not shown) all year long, and the same bias exists in the global 1/12°model used at its boundaries. This cold water bias is imposed on both regional configurations through the northern boundary conditions. It is interesting to note that in AMM60 and consistent with observations, these cold waters do not enter the Faroe -Shetland channel (∼ 60°N, 6°W), suggesting the complex currents in this region are better represented in AMM60.
Thermocline Depth
In a seasonally stratified shelf sea the vertical structure is characterised by a surface wind-mixed boundary layer over a bottom tidally-mixed benthic boundary layer. The mixing of this quasi two-layer system is broadly controlled by wind and tidal mixing from the surface and bed, and by processes associated with internal waves at the interface. The depth of this interface, where the stratification is elevated, and the state properties of the surface and bottom layers must be reproduced accurately by the models in order to achieve realistic levels of bulk mixing. Here we make direct use of the moorings from the FASTNEt programme. Observational campaigns to the Celtic Sea (June 2012) and the Malin shelf (July 2013) were undertaken the FASTNET team, 2012, 2013] . Long and short term moorings were deployed across the outer shelf and shelf break region for multi weeks durations Vlasenko et al., 2014] . The mooring data were augmented by an extensive campaign of glider measurements , drifter release experiments [Porter et al., 2016] , as well as traditional ship based measurements. Here we use time series of temperature from 5 of the moorings to assess the skill in simulating the depth of the thermocline across the model configurations. Since the depth res-olution of salinity sampling was not as high for temperature, observational analysis of the stratification is conducted in temperature only, and so the thermocline depth is computed instead of a pycnocline depth. For comparison purpose, observations and models have been hourly averaged and interpolated on the same vertical grid.
We define the depth of the thermocline, δ T , as a normalised 1st moment of stratification (i.e a depth-weighted depth of stratification):
where
and depth mean thermocline is given as
Then, applying the chain rule:
In the limit of a two layer vertical density structure, the depth of the thermocline is exactly represented by δ T , where H is the depth of the water column (here limited to the shallower of either the sea bed or 200 m), T bed (t) and T t o p (t) are the surface and bed temperatures at a given time, andT (t) the depth averaged temperature. Temporal variations in H are small relative to the error in the 2 layer approximation, and are therefore not considered further.
On the Malin shelf, the SE mooring can be exploited to assess the variability of the on-shelf thermocline depth (figure 4). A two-layer system is well established, until the appearance of a third layer from the 15th of June, associated with a warming of the surface waters. The temperature varies from 11°C at the bottom, to 12.8°C at the surface on the 3rd of June, with a maximum at 14°C at the surface by the end of the measurement period. The thermocline depth is steady with a mean depth around 40 m. All the configurations reproduce accurate bottom temperatures and thermocline depth. However the warming of the surface layer in the second part of the time series is consistently biased, both in terms of timing and intensity.
In the Celtic Sea moorings were deployed in June 2012 at 4 locations across the shelf (figure 5). St1 is located on the shelf slope, where depth is 688 m. St2 is at the edge of the shelf break, delimited by the 200 m isobath. Both St4 and St5 are on the shelf, where depth is less than 200 m. St1, St2 and St4 are positioned in an across shelf transect line, in order to monitor the cross-shelf transport and the propagation of internal tides across the shelf break. Similar to the Malin Shelf mooring data, the temperature time series show a well-established two-layer system (figure 5).
The thermocline depth δ T is represented by the black line in figure 5 . In order to analyse the slowly-varying thermocline displacement (independent from tides) a DoodsonX0 filter is applied to hourly δ T fields to isolate the diurnal and higher tidal species [Doodson, 1921; Pugh, 1996] . The Doodson filter has a relatively short filter window of 39 hours. Distinct from surface height data processing, where the longest filter is sought according to the frequency of missing data occurrence, wave properties of internal tides are modified by the continually evolving stratification. Hence the DoodsonX0 filter, that can isolate the principal diurnal and higher frequency tidal species with a short filter length, The thermocline depth at the Celtic Sea shelf break varies between 40 m and 60 m, with colder waters at the bottom (12.5°C at the shelf break, and 11.5°C on the shelf), while surface temperatures vary from 13°C to 14°C. There is a cooling of the surface layer and deepening of the thermocline on the 15th of June, correlated with a storm event, followed by a progressive return to a shallower warmer surface layer Stephenson et al., 2015] . This is observed at the 4 locations, but one can notice more mixing of the bottom layer at the shelf break (St1 and St2). The 3 configurations simulate similar thermocline depths, in good agreement with the observations at all locations. The The other panels represent time series of temperature for NNA, AMM7, AMM60 and observations (top to bottom) for St1, St2, St4 and St5. The thermocline depth δ T is shown (black line), also with the tides removed using a DoodsonX0 filter, δ T , (white).
deepening and cooling of the surface layer during the storm event at the Celtic Sea shelf break is well reproduced. However the bottom temperatures are not accurately reproduced at the shelf break (St1 and St2) with all three configurations being too cold in the lower layer. The lower layer temperature in AMM7 is closest to the observations but the thermocline variance is more realistic in AMM60. In reality all configurations will under represent the vertical mixing at the shelf break as a result of the locally generated nonhydrostatic internal waves, which cannot be resolved in this class of hydrostatic models, even though the vertical resolution might actually introduce quite some damping into the process. On the shelf (St4 and St5), it is the fine-resolution configuration which has the more realistic results, with accurate bottom temperature, whereas the coarser configurations are too warm.
Internal Waves
In order to analyse the tidal contribution to the thermocline depth variability,δ T , the tidally varying thermocline depth is defined as:
Though the tidally filtered thermocline depth δ T is well reproduced and similar across all the configurations, a major difference exists between the reproduction of the hourly thermocline variabilityδ T (figure 5).
Internal tides are evident at the thermocline, with amplitudes reaching almost 29 m at St5 (table 3) . Evidently the finest scale horizontal grid (AMM60) best resolves these high-frequency processes. The mean amplitude of the observed thermocline vertical displacement ranges from 5 to 6 m, with similar values in AMM60 at the shelf break. This amplitude is underestimated on the shelf by AMM60, but the coarser NNA and AMM7 produce smaller amplitudes (1 to 3 m) at all locations.
The use of sigma-coordinates in the regional configurations allow a finer vertical resolution at surface and subsurface than the z-coordinates in the basin-scale configuration (figure 6). This is particularly true on the shelf (e.g. at St4 and St5 locations), where the vertical resolution at the thermocline depth (40-60m) is almost twice finer than in NNA: between 3 and 4 metres of resolution for the regional configurations against 6 to 8m in NNA. Such vertical grid allow the resolution of the internal waves, which have a mean amplitude of 5m (table 2), with maximum amplitude up to 28m, that is 4 to 5 grid cells. Oscillations smaller than 3m cannot be resolved A Fast Fourier Transform spectral analysis of the thermocline depth, δ T , is used to identify the dominant frequencies. A Welch filter [Welch, 1967] (with 192 hour segments) and a Hanning window (with 50% overlap) are used to identify the dominant spectral peaks. The method is applied to the simulations and observations at the four moorings in the Celtic Sea (figure 5) and presented in figure 7.
The observations show peaks at the diurnal, semi-diurnal, inertial and quarter-diurnal bands. At all locations the semi-diurnal band is the most dominant.
Snapshots of the pycnocline depth ( figure 9 (a) ) highlight that the wave field exhibits a complex superposition pattern, which varies over short spatial scales relative to the mooring separation scales. Consequently there is no evident dependence of the variance amplitude on large scale factors, such as proximity to the shelf break. Instead the amplitude of the wave field, at distinct mooring locations, is more strongly constrained by local factors. For example, the local proximity to wave-generating bathymetric features. The signal at St1 is more energetic than at the other locations, but as shown table Figure 6 . Vertical resolution of the configurations at mooring location, on the Celtic sea and Malin shelf. From left to right: SE, St1, St2, St4, St5 for AMM60 (red), AMM7 (blue) and NNA (green).
3, the maximum amplitude of the waves is smaller than at the other locations. The observations variously show energy in the diurnal and M4 bands, again owing to the complexity of the superposition field it is not possible to attribute causes to these spatial variations. All the model configurations exhibit a similar diurnal response at all moorings, which match the observations. AMM7 consistently underestimates the semi-diurnal response with a very weak signal. NNA similarly does not capture the semi-diurnal signal except at St2, which is on the shelf break, where the energy conversion from barotropic to baroclinic tides is strong due to steep topography [Baines, 1982] . Notably, the AMM60 is the only configuration to qualitatively match the observational semi-diurnal response, with an amplitude that both over and under estimates the observations. We observe also a gap of energy at 6.65h, in the observations and AMM60, which may correspond to the non-linear interaction between the inertial frequency and the M2 [Xing, 2002] . This spectral analysis demonstrates that the variations in thermocline depth exhibits clear frequency banding, that are best captured by the dominant tidal harmonic bands. On the shelf the semi-diurnal band is characterised by propagating internal tides with a wavelength in the range 12-25 km. By way of demonstration the two layer fluid dispersion relationship can be solved to infer the wavelength of the semi-diurnal features:
for wavenumber k, layer densities ρ t o p and ρ bot , layer thicknesses h t o p and h bot , g = 10ms −1 , Ω M 2 = 2π/12.4 hr. Equation 6 is solved iteratively for wavenumber and shown as a wavelength, 2π/k (figure 8). The mean stratification is shown in figure 9 (d) .
Both the the 7 km AMM7 and 1/12°(∼9 km) NNA are too coarse to adequately resolve the propagation properties of these features. Therefore only the 1.8 km AMM60 configuration has fine enough lateral resolution to reproduce: i) propagating waves of these lengthscales that are generated at major features such as the shelf break, and ii) the small-scale bathymetric features necessary for on-shelf generation of these internal tides (see figure 5 ).
Spatial and Temporal Variability of the Internal Tides
Given that i) the diagnostic δ T captures the variability in the thermocline depth (under the assumption that the fluid can be approximated as a two layer fluid); and that ii) the observed thermocline depth variability is captured well, at harmonic frequencies, by only the fine-scale AMM60 model, we proceed to investigate the pycnocline depth, δ, variability across the whole AMM60 model domain, at tidal frequencies.
A spatial snapshot ofδ (figure 9e) shows a complex superposition pattern of internal tides in the Celtic Sea. This interference pattern is evidently locked to the bathymetry and presents compelling evidence that the internal tide field is generated over many small scale bathymetric features rather than just at the shelf break and at a few isolated feature in the shelf sea. Further north (e.g. on the Malin Shelf (figure 9f), where the shelf is narrower and the slope smoother, the internal tides pattern is less complex and localised to larger scale bathymetric features including, but not limited to, the shelf break. The propagation pattern is different in the Northern Sea (figure 9a), where the shelf waters mix with the fresher waters from the Baltic Sea. The stratification in the Channel, southern North Sea and northern shelf boundary waters is too weak to resolve internal tides and are masked in figure 9 . Generally, the mean pycnocline depth (averaged over 3 months, figure 9 (c)) is deepest at the shelf break and shoals on shelf, into shallower waters.
To identify the internal tide activity within the model, the standard deviation of the tidal fluctuations in pycnocline depth is computed. While numerous moorings have been deployed across the seasonally stratified shelf, this quantity is unknown on a shelf wide scale. Furthermore, this first attempt to compute the internal tide variability highlights a physical process that is either entirely missing or only partially resolved in coarser resolution models. Here we provide a first look at the spatial and temporal tidal variability of the pycnocline depth; a comprehensive internal tide energy budget is the subject of ongoing work.
The standard deviation ofδ is computed over a moving 3 × 24 hour window. This is a compromise to avoid aliasing from the time evolving spring-neap cycle whilst retaining sufficient data (∼6 semi-diurnal cycles) to isolate a clear signal. This represents a conservative estimate of the tidal variability in the pycnocline displacements and is formally defined as std(δ(t)) = 1 72 The std(δ) varies in space and time (figure 10). Typical snapshots during seasonal stratification (spring tide: panel (c); neap tide: panel (d)) demonstrate the standard deviation is generally lower than the domain average in the North Sea and generally higher in the Celtic Sea, increasing towards the south western bounding isobath. At the edge of weakly stratified (masked) fluid the standard deviation increases, though this does not represent increased wave energy levels because it corresponds to reduced stratification. Here the stratification mask is applied over the whole record to preserve the analysis domain size for stratified fluid. As in figure 9 (a) there is a lot of fine scale structure confirming that the features seen in the pycnocline depth snapshot are not stationary features but are oscillatory. This is consistent with the non-hydrostatic simulations of internal tide generation over rough topography in the Celtic Sea [Vlasenko et al., 2013 [Vlasenko et al., , 2014 .
Whilst non-hydrostatic studies [e.g. Vlasenko et al., 2013 Vlasenko et al., , 2014 have previously captured spatial variability of internal wave activity over smaller regions and short time ranges, the computational efficiency of the hydrostatic approximation permits a larger time step and therefore longer time integration (or spatial domain). An investigation of the 2 month period during the summer of 2012 (chosen to overlap with the FASTNEt mooring campaign) demonstrates that the std(δ) varies with the spring neap cycle. At each hour the spatially varying, 3-day windowed, std(δ) is sorted by amplitude and plotted against the fractional area of the unmasked domain for which std(δ) is the maximum value (figure 10 (b)). I.e. averaging over time, the std(δ) < 1 m for ∼ 30% and std(δ)>2 m for ∼ 30% of the unmasked domain. Figure 10 (b) shows the std increases following neap tides (e.g. 16 June, 30 June, 14 June, 28 June) and similarly decreases following spring tides. Panels (c) and (d) show the spatial differences between representative spring and neap phases, with the changes being of the order a factor of 2 and most marked in the Celtic and North Seas. It clearly shows the region of low variance in the North Sea and Celtic Sea expanding at neap tides, but other areas showing less variation.
Discussion and Conclusion
A basin-scale configuration and two regional NEMO ocean model configurations, focusing on the NW European shelf, are assessed in order to evaluate the improvement brought to the reproduction of high-frequency processes by horizontal resolution at the kilometric scale. For the NW European shelf domain of interest the regional configurations take their boundary conditions from the basin-scale configuration and all three configurations use the same forcing data set. The coarse regional simulation, AMM7, has already been validated [O'Dea et al., 2012] and a variant is used operationally by the UK Met Office. This is the first attempt to develop a fine-resolution configuration spanning a comparable domain, and therefore including the shelf break. Whilst other fine-scale studies have investigated internal waves they are typical short integrations and small domains [Vlasenko et al., 2013 [Vlasenko et al., , 2014 . Here by retaining the hydrostatic balance simplification we integrate multi-year simulations over a large domain. Previous fine-resolution configurations from the POLCOMS model were bounded by the 200 m shelf break isobath [Holt and Proctor, 2008] such that the shelf break processes were imposed as boundary conditions. Such fine-resolution configurations are a challenge, both in terms of cost and stability of the model. Fine resolution NEMO configurations have already proven to be efficient and stable [e.g. Ourmières et al., 2011; Maraldi et al., 2013] , but here high-frequency shelf processes as well as seasonal and interannual variability of the water masses are reproduced.
This study has shown that the fine-resolution configuration compares well against the other configurations in terms of the seasonal cycle of sea surface temperature. Though this is not entirely surprising since all configurations have identical surface forcing. For improvement in the small-scale features linked to atmospheric processes (such as wind gusts and local storms), the atmospheric forcing must be taken at finer resolution [Béranger et al., 2010; Bricheno et al., 2013] . A significant difference in SST appears, however, in the northern extent of the domain, where an influx of cold water from the Arctic penetrates into all the configurations and which the AMM60 best reproduces the observed affect in the Faroe-Shetland channel. While the slope current and main dynamics are very similar in all configurations (figure not shown), the finer grid better resolves the complex circulation and eddy field which appears important in determining the water mass pathways in the region of the Norwegian Sea included in the model.
On the shelf, comparison with tide gauges show that the tidal harmonics are not significantly influenced by the increased resolution. This is satisfying not least since the operational class AMM7 has had many person hours optimally tuning its parameters. In comparison with the FASTNEt mooring data, all the configurations reproduced the bulk temperature structure reasonably well. Here however the AMM60 has anomalously cold bottom water at the shelf break moorings locations. It is noted though that the increased spatial variability in bottom density, associated with the enhanced resolution, could account for the discrepancy seen at fixed moorings ( figure 9 (b) ).
For the first time shelf-wide diagnostics of the NW European shelf semi-diurnal internal tide field are presented, highlighting their presence far into the shelf and their dependence on the phase of the spring neap cycle. These baroclinic tides are generated through the interaction between the barotropic tide and the local bathymetry. While NNA and AMM7 can produce internal tides at the severe bathymetric shelf break feature, the grid resolution is not sufficient to simulate their propagation pathways and lifecycles. AMM60, however, can resolve typical interfacial semi-diurnal tide wavelengths, and simulate their propagation. In addition, using enhanced resolution demonstrates that internal tides are generated over many small bathymetric features (figure 9) rather than just at the shelf break or over a few isolated major bathymetric features (e.g. Jones Bank, Palmer et al. [2013] ). Only a few of these features are large enough to appear in AMM7 and NNA.
This modelling study, which will underestimate the energy in the real fully nonhydrostatic wave field, clearly shows that the internal tide paradigm of planar waves which are primarily generated at the shelf break and propagate on-shelf, (though augmented with isolated and few significant bathymetric source points) is insufficient to describe the complexity of the internal tide wave field. Enhancing the bathymetric roughness from a 7 km to the kilometric scale appears to reveal that many of the bathymetric inhomogeneities are baroclinic tide generators [Baines, 1982] producing a resolvable impact on the pycnocline displacement in much of the domain.
